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ABSTRACT • The annual ring density of cross-sections of Japanese cedar stems of different ages has been re-
corded by X-ray density analyser in order to determine the boundary line between juvenile and mature wood. A 
particular emphasis was put on the tracheid length in the annual rings. The obtained data was analysed by using 
Wavelet transformation. It can be assumed that the process of formation of woody tissue is a periodic one and that 
the characteristic periods include several annual rings. This also indicates that the growth of a tree can be sepa-
rated into distinct processes that can be identifi ed within the juvenile and mature wood zones. It has been shown 
that the suggested numerical approach enables a rapid and reliable evaluation of the data.
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SAŽETAK • Gustoća godova na poprečnim presjecima debla japanskog cedra različite starosti određena je uz 
pomoć rendgenskog analizatora gustoće kako bi se utvrdila granična linija između juvenilnoga i zrelog drva. 
Poseban naglasak stavljen je na duljinu traheida u godovima. Dobiveni su podatci analizirani uz pomoć wavelet 
transformacije. Može se pretpostaviti da je proces formiranja drvnog tkiva periodičan i da karakteristična raz-
doblja obuhvaćaju nekoliko godova. To također pokazuje da se rast stabla može podijeliti u različite procese koji 
se mogu identifi cirati unutar zone juvenilnoga i zrelog drva. U radu je utvrđeno da predloženi numerički pristup 
omogućuje brzu i pouzdanu procjenu podataka.
Ključne riječi: juvenilno/zrelo drvo, Hurstov eksponent, duljina traheida, rendgenska denzitometrija, wavelet 
transformacija
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1  INTRODUCTION
1. UVOD
Juvenile wood formation is an important natural 
process in stem growth and it has been widely studied 
in the last 50 years (Gartner, 1996; Larson, 1968; Yang 
et al., 1994). Juvenile and mature wood refers to two 
main zones of the xylem. Juvenile wood becomes es-
pecially interesting for forestry because of the short 
rotation cycle that is typical in plantation forestry. Re-
cently, as a result of change in forestry management, 
the proportion of juvenile wood in tree stems has in-
creased. This may have a major effect on wood proper-
ties and product quality, especially in conifers (Maeg-
lin, 1987). The juvenile wood boundary can be 
determined by examining a number of different physi-
cal or chemical properties (Wang and Stewart, 2013). 
Many studies in the area of wood anatomy use 
only one or two wood attributes to defi ne the demarca-
tion line between juvenile and mature wood. Such meth-
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ods have been widely accepted as the norm for assessing 
wood juvenility. Unfortunately, these studies did not 
take into account the complexity of the stem. For ex-
ample, for a long time, the measurement of annual ring 
width, specifi c gravity, tracheid length and microfi bril 
angle have been the most prevalent methods (Fujisaki, 
1985; Fukazawa, 1967; Matyas and Peszlen, 1997; Ota, 
1971; Yang et al., 1986; Zhu et al., 2000). Studies in this 
area also focused on the non-linear, segmented regres-
sion method of tracheid length and microfi bril angle 
(Cook and Barbour, 1989; Zhu et al., 2005). Based on 
these methods, the transition is referred to as a zone of 
gradual changes, rather than an exact demarcation line. 
These studies have obviously provided a common and 
simple tool for analysing the growth variation. However, 
the global nature of the above mentioned processes 
hides local density-distribution information, and makes 
the exact determination of distance-related changes im-
possible. For this reason, the researchers turned to the 
X-ray density function of the wood and used different 
mathematical methods to draw information about the 
wood properties. 
The X-ray density profi le is the result of the su-
perposition of many different environmental factors, 
such as rainfall, soil and site conditions, temperature, 
etc., which cause periodic changes in density along the 
radius. Franceschini et al. (2010, 2013) used the mean 
ring density profi le to study the radial pattern varia-
tions and their consistency with changes in tempera-
ture and climate. Mutz et al. (2004), applied the non-
linear mixed-effects model to the average density 
profi le of Scots pine trees in order to statistically model 
the stem growth. X-ray density profi le was also used 
for determination of the transition from juvenile to ma-
ture wood (Koubaa et al., 2002; Fujimoto et al., 2006). 
Our work focuses on the development of different 
mathematical procedures for the analysis of X-ray den-
sity function (XDF) that may enable better understand-
ing of the growth of individual trees along the radius of 
their bole. In our previous studies (Csoka et al. 2005, 
2007), we applied Fourier transform to the X-ray density 
function in order to determine the line that separates the 
juvenile and mature zones in the tree stem. In the present 
paper, we will show that the spectral wavelet analysis 
(Torrence and Compo, 1998; Hurst, 1951) of the X-ray 
density function can provide information about anatom-
ical variations in the representative sugi trees (Crypto-
meria japonica D. Don). The wavelet transformation, 
basically, enables one to draw additional data from the 
XDF signal. Rozenberg et al. (2001) analysed cloning 
and genetic effects of the Norway spruce by multi-reso-
lution methods of the density profi le, and published pre-
liminary results on wood homogeneity using wavelets 
decomposition. Solomina et al. (2010) used wavelet 
transformation of the early wood ring width and maxi-
mum density profi les to study changes induced by cli-
matic fl uctuations and solar activity. Here, wavelet anal-
ysis was applied to investigate the transition from 
juvenile to mature wood. The advantage of the wavelet 
analysis, with respect to previously used Fourier analy-
sis, is that the one-dimensional density set is transformed 
into a diffuse, two-dimensional distance-frequency im-
age. In the obtained transform, the density frequency of 
annual rings and their distances from the pith may be 
studied simultaneously. It should also be noted that the 
previous studies used only the average or maximum 
density of annual rings in their calculations. Here, the 
wavelet transform was applied to the whole set of X-ray 
density data.
2  METHODS AND MATERIALS
2.  MATERIJALI I METODE 
In order to sample the independent applicability 
of the wavelet method with respect to tree life span, the 
X-ray density profi les of 18 selected Japanese cedar 
tree stems (from 28-221 year old) were included in our 
analysis. Here, three stems were selected for detailed 
analysis (221, 95 and 28 year-old) and the results of the 
other samples can be found in the supplementary fi le. 
The fi rst two stems were taken from natural forest 
(marked as nf221, nf95) and the third one (the young-
est one) was taken from a plantation forest (marked as 
pf28). The samples were cut at breast height (120 cm) 
of the stems. The growth ring density curve was ob-
tained by X-ray densitometry (JL Automation 3CS-
PC). The density curve from the pith to the bark was 
recorded to determine the amplitude of the density os-
cillation.
2.1  Measurement of the tracheid length
2.1.  Mjerenje duljine traheida
Small blocks taken from every third annual ring 
(late wood) were placed in a bottle with a macerating 
solution (1:1 v:v, 30 % hydrogen peroxide : glacial ace-
tic acid) and left for 48 hours. During this time the 
blocks began to break down into fragments and the tra-
cheids were liberated. After washing several times, the 
tracheids were placed on a glass slide and the length 
(30 different at every third annual ring) was measured 
manually by using light microscopy (Carl Zeiss, Jena, 
Germany).
2.2  Wavelet analysis
2.2.  Wavelet analiza
The present study is an extension of our previous 
work on Fourier transform analysis of X-ray density 
profi les of Japanese cedar (Csoka et al., 2005; Csoka et 
al., 2007). The wavelet transform is similar to the com-
monly used Fourier transform but it proved to be a bet-
ter method in the case of more complex systems. 
Wavelet transformation uses windows of different siz-
es and positions to analyse a signal, which enables a 
fi ne resolution and control without restriction of the 
scale of detectable phenomena. The wavelet transform 
can be used to analyse time series that contain non-
stationary amplitude points at many different frequen-
cies (Daubechies, 1990).
The continuous wavelet transform of a discrete 
sequence xn (density function of a tree) is defi ned as 
the convolution of xn with a scaled and translated ver-
sion of the mother wavelet ψ0(η):
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physical changes can be identifi ed visually, but the 
most subtle variations can only be noticed by the nu-
merical analysis of the density of annual rings. In the 
wavelet analysis of the X-ray density profi les of the 
three sugi trees, the probability amplitudes vary as a 
function of frequency and distance. The wavelet spec-
trum of XDF was found fl uctuating on inter-distance 
scales.
The calculated wavelet plots presented in Figure 
1 a, b and c show different growth cycle periods of the 
tree. The thick, black contour indicates the regions 
where the amplitude of the waves can be found with 
confi dence level of more than 95 % and the growth of 
annual rings is very uniform. 
Morlet mother-wavelet basis set was used in the 
case pf28 and nf95 samples, while the Paul (c) basis set 
was used for the nf221 sample. Fourier frequencies are 
given on the vertical axis in mm-1 (that correspond to 
annual ring widths in mm, given on the right). The dis-
tance from the pith to the bark is given on the horizon-
tal axis. The grayscale gradient plot indicates the major 
contours where the transitions occur. Most peaks are 
well above the background spectrum (light grey co-
lour). The black contours enclose regions where the 
amplitudes can be found with a confi dence level higher 
than 95 %. The variation in growth projected on the 
wavelet scalogram can be related to the annual ring in-
crements. However, wavelet analysis shows that 
growth cycle periods are distinctly grouped. The whole 
growth cycle can be separated into well correlated seg-
ments within the frequency and distance domains. 
Note that the correlated segments refl ect the growth 
behaviour of the trees along the distance from the pith 
to the bark, the process which cannot be clearly ob-
served if only the frequency domain is taken into ac-
count. Also, as distance from the pith to the bark in-
creases, the differences between the gradients become 
uneven. Figures 1 (a),(b), (c) show that in the area of 
low distances and low frequencies the gradient is low 
(mostly light gray) and there is no signifi cant correla-
tion between the waves.   
Figure 1a shows the wavelet spectrum of the 28 
year old sugi tree (pf28). This data set encloses the fre-
quency range from 0.2 to 0.35 mm-1, which corre-
sponds to the annual ring width from 5 to 2.8 mm. The 
main amplitude contours are located in the mentioned 
frequency range and they are divided in two groups. 
The fi rst one includes 14 and the second one 7 annual 
rings. At the distances between 40 and 60 mm, there is 
a breaking point, where the most correlated grouping 
appeared in the lower frequency range due to some en-
vironmental anomaly (changes in local climatic condi-
tions). This means that in the range prior to the break-
ing point, the width of the annual rings is narrower than 
after (Fig 1a). At distances higher than 80 mm, there is 
an increase in frequencies (a decrease in the ring 
widths) suggesting the presence of areas of different 
anatomy. The distance range, in which the change in 
the wavelet spectra took place, can be considered as a 
demarcation line of the transition from juvenile to ma-
ture wood in this sample. The wavelet spectrum of the 
  (1)
where: N is the length of the data series, s is the wave-
let scale, dt is the sampling interval (0.015 mm), n is 
the localized distance index, ωk is the angular fre-
quency and xk is the discrete Fourier transform. The 
normalisation is included in the equation above in 
such a way that the wavelet function contains unit en-
ergy at every scale. In this way defi ned wavelet trans-
formation enables simultaneous extraction of the dis-
tance and frequency information from the signal. The 
density function of the tree is non-stationary and 
wavelet analysis was selected to extract the relevant 
distance-density information from the signal. In this 
study, the Morlet  and Paul 
 mother-wavelet bases 
were selected for spectral analysis and for the resolu-
tion of strong frequency components. The wave number 
and the Heaviside step function are in the chosen bases. In 
the wavelet analysis, the factors of Morlet and Paul moth-
er wavelets are very important, because they affect both 
the peak intensity and the data range. Both bases were 
used for the wavelet transformation of the XDF signals of 
our samples. It turned out that the Morlet’s basis gave a 
more distinct picture in the case of the younger samples 
(pf28 and nf95), while the Paul’s basis gave better results 
in the case of the oldest sample (nf221). When the wavelet 
analysis was applied to geophysical phenomena, ωk be-
tween 5 and 6 was used in order to attain the suffi cient 
precision in the distance or time domains. For this reason, 
this condition was also selected. The signal analysis was 
performed by using AutoSignal software.
2.3  Calculation of the Hurst exponent
2.3.  Izračun Hurstova koefi cijenta
The statistical operator, the Hurst exponent (H), 
measures the fractal dimension of a time set and it can 
be obtained from the following linear regression:
 log (R/S)n = log c + log n (2)
where the range R is divided by the standard de-
viation S of the n data elements to produce the normal-
ized range value (R/S) and c is a constant. The parameter 
H calculated from the slope of the linear function given 
by Eq. 2 is in the range from 0 to 1. The R/S analysis is 
non-parametric; there is no assumption about the shape 
of the underlying distribution. The set of XDFs is similar 
to log-normal distribution. Series with H values larger 
than 0.5 are persistent series that contain a memory ef-
fect. Each data value is related to a certain number of 
preceding values. The k (n obs) provides information 
about the number of cycles, which shows dependence 
upon the past. These data series reverse signs less fre-
quently than in the case of the white noise.
3 RESULTS AND DISCUSSION
3. REZULTATI I RASPRAVA
Different environmental effects can cause severe 
disruption of growth function (Dobbertin, 2005). Many 
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95 year old sugi tree (sample nf95) is shown in Figure 
1b. This spectrum includes a wider frequency range 
(0.15-0.6 mm-1) and it is more distinctive than in the 
case of the pf28 sample. The wavelet spectrum in the 
distance range below 75 mm is quite complex¸ sug-
gesting that various environmental factors (probably 
climatic factors) contributed to the tree ring formation. 
The transition point from juvenile to adult wood is 
most likely positioned in the distance region from 30 to 
75 mm, where there is a clear drop in the position of 
black contours that represent high probability ampli-
tude regions. As the distance further increases, the 
wavelet contours become very disordered. At distances 
around 130 mm, there are several black contours that 
mainly contain 7 annual rings. 
Figure 1 (c) shows the wavelet spectral feature of 
the 221 (nf221) year old sugi tree. The fi rst distinct fre-
quency group, up to 90 mm from the pith, contains 23 
annual rings. In that group, the width of the annual rings 
is continuously increasing as a result of the initial growth 
of the tree. At the distance of 90 mm, the frequency falls 
to approximately 0.1 mm-1 and this value corresponds 
to the transition point between juvenile and mature 
wood. The next frequency group (in the distance region 
from 90 to 170 mm) contains 25 annual rings and the 
results suggest that in that region the growth became 
more regular. For this sample, the contours with highest 
amplitude probability are mostly located in the frequen-
cy regions from 0.43 to 1.1 mm-1 (from 2.3 to 0.9 mm 
ring width) and from 0.17 to 0.4 mm-1 (from 5.8 to 2.5 
mm). The rhythmic structure of short and long-term cy-
cles in the tree-ring chronologies is most likely related to 
the climatic fl uctuations and solar activity (Nowacki and 
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Figure 1 The local wavelet power spectra of X-ray density functions of a) pf28, b) nf95 and c) nf221 samples
Slika 1. Lokalni wavelet spektar funkcije gustoće određene X-zrakama za uzorke: a) pf28, b) nf95 i c) nf22
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Solomina et al. (2010) obtained similar results by using 
wavelet transformation and the maximum densities of 
the rings. It is worth emphasizing that in our calcula-
tions, we used the whole set of density data and not only 
the maximum densities of the rings. The transition points 
determined by using wavelet method correspond well to 
the results obtained by Fourier transform method (Csoka 
et al., 2005, 2007; Csoka and Djokovic, 2011) and loga-
rithmic regression method of tracheid lengths (TL), 
which will be presented below. The fact that we were 
able to determine the distinct transition points contra-
dicts the common opinion that a juvenile gradually turns 
into a mature wood. The annual ring growth of the trees 
is a periodic one and infl uenced by its response to the 
environmental impacts. These environmental effects in-
duced changes in the boundary between the two main 
zones from the pith, but the clear separation point still 
exists. It is important to note that the growth cycles are 
not signifi cantly affected by tree ageing but there are ap-
parent structural changes during the juvenile formation 
(Castagneri et al., 2013).
During the wavelet transform calculations, we 
have omitted certain peaks of low probability. In Fig-
ure 2 (a), (b), (c), the density function was reconstruct-
ed by using inverse wavelet transformation of the data 
that are included in the initial calculations. As can be 
seen, there is a good agreement between the experi-
mentally obtained and reconstructed density function. 
The low probability peaks in the reconstructed spectra 
of pf28, nf95 and nf221 samples observed in the 80-92 
mm, 65-100 mm and 50-90 mm regions, respectively, 
correlate with the initial growth pattern of the trees. 
These ranges are the fi nger print of the events in the 
juvenile age of the woods. The density fl uctuations, be-
fore and after these bands, are more uniform. The spec-
tral analysis performed in this work shows that the den-
sity function of the investigated species carry the 
information about juvenile-mature transitions that 
seemed to be affected by the local environment. 
The Hurst plots of three samples presented in 
Figure 3 suggest that the density functions are substan-
tially homogeneous. 
Figure 2 Experimentally obtained (solid line) and reconstructed (dashed line) density spectra of a) pf28, b) nf95 and c) nf221 
samples. For clarity, the reconstructed density spectra of nf95 and nf221 samples were shown in the distance range from 0 to 
175 mm
Slika 2. Eksperimentalno dobiveni (puna linija) i rekonstruirani (isprekidana linija) spektri gustoće za uzorke: a) pf28, b) 
nf95 i c) nf221 (radi jasnoće, rekonstruirani spektri gustoće za uzorke nf95 i nf221 prikazani su u rasponu od 0 do 175 mm)
Distance from the pith to the bark / udaljenost od srca prema kori, mm
Distance from the pith to the bark / udaljenost od srca prema kori, mm
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The values of the Hurst exponents are well above 
0.5 in the whole life span of the tree. The calculated 
values are 0.88, 0.93 and 0.76 for the pf28, nf95 and 
nf221 samples, respectively. The shape of the plots in-
dicates that the periodic growth pattern of the trees is 
essentially similar during the whole life span. The 
growth can be predicted to a certain extent knowing the 
initial growth stages and the data set is obviously dis-
tinguishable from Gaussian or white noise. The values 
of the Hurst exponent that lie between 0.5 and 1 char-
acterise the so-called black noise processes, long-run 
cyclical patterns that are readily observable in nature 
(Peters 1994). This implies that the formation of indi-
vidual annual rings is affected by the environment. 
However, these effects cannot signifi cantly change the 
shape of the annual rings. Since the Hurst exponent 
values are much higher than 0.5, and they were esti-
mated from a long series of data points (>5000), the 
X-ray density function is substantially different from 
the noise and can reliably represent the annual growth 
of trees. Knowing the density function and the Hurst 
exponent, it is possible to predict the growth of annual 
rings, which can be further integrated into the local en-
vironment model.
Figure 4 shows the results obtained with tracheid 
length (TL) method. The TL values show typical func-
tional dependence on annual ring number. 
The TL values increase exponentially at early 
stages of the tree growth up to 25 years. After that, the 
TL exhibits stability or increases gradually over the 
time. Similar results on TL variability were reported ear-
lier by Franceschini et al. (2012). The radial variations 
in TL were tentatively fi tted with the logarithmic curve 
with a high correlation coeffi cient. The annual rate in-
crement of TL was calculated from the logarithmic 
curve by using the point at which the annual increase 
rate drops below 1 % (Zhu et al., 2000). According to 
Shiokura (Shiokura 1982), the annual ring number at 
which TL increment rate drops below 1 % is related to 
the transition point between juvenile and mature wood. 
The transition point values obtained from the segmented 
model of tracheid lengths are in good agreement with 
the values calculated by using wavelet transform, but the 
two methods are independent (Table 1). 
The localised waves in the wavelet spectrum ob-
viously carry information about anatomical changes 
during the tree growth. For this reason, the wavelet 



























Figure 3 Hurst plots (normalized range value (R/S) versus 
number of observations) of a) pf28, b) nf95 and c) nf221 
samples. (Hurst coeffi cients were estimated by linear 
regression r2 = 0.94, 0.93 and 0.99 for the pf28, nf95, nf221 
samples, respectively)
Slika 3. Hurstovi grafovi (normalizirani raspon vrijednosti 
(R/S) u odnosu prema broju opažanja) za uzorke: a) pf28, b) 
nf95 i c) nf221. (Hurstovi koefi cijenti procijenjeni su uz 
pomoć linearne regresije r2 = 0,94 za uzorak pf28, r2 = 0,93 
za uzorak nf95 i r2 = 0,99 za uzorak nf221.)
Figure 4 Radial variation of tracheid length (TL) for pf28 
(circles), nf95 (triangles nf221 (squares) samples. The lines 
represent logarithmic curves of TL-s estimated from the 
experimental data
Slika 4. Radijalna varijacija duljine traheida (TL) za uzorak 
pf28 (krugovi), uzorak nf95 (trokuti) i uzorak nf221 
(kvadrati). Linije predočuju logaritamske krivulje duljine 
traheida procijenjene iz eksperimentalnih podataka.
Annual ring number from pith 
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4  CONCLUSION 
4.  ZAKLJUČAK
Wavelet analysis can signifi cantly increase the 
body of information that can be obtained from the in-
vestigated signal. It allows simultaneous study of the 
distance-density domains of the X-ray density func-
tion. Even when the signal is quasi non-stationary, as in 
the case of XDF, the distance domain information can 
make analysis more precise. In the case of the transi-
tion between juvenile and mature wood, wavelet analy-
sis provides the same results as traditional methods in 
wood science. However, it also enables one to draw 
additional information about the environmental factors 
that affect the wood anatomy, which cannot be ob-
served by using former methods. It can be assumed that 
the process of formation of the wood tissue is a peri-
odic one and that the characteristic periods include sev-
eral annual rings. This also indicates that the growth of 
wood can be separated into distinct processes that can 
Table 1 Transition points between juvenile and mature wood determined by measuring tracheid lengths and by using Wavelet 
analysis








Rezultati regresijske analize duljine traheida
Wavelet spectrum
Wavelet spektar
Annual ring number 
from pith





Annual ring number 
from pith
Broj godova od srca
Distance from 
the pith, mm
Udaljenost od srca, 
mm
pf28 28 21-22 82-85 21-22 84.9
nf95 95 14-15 59-65 14-15 64.7
nf221 221 22-23 95-98 21-22 94.2
Supplementary material – Dodatni podatci
The following supplementary data (S1) is available at Drvna Industrija online: additional results on more 











Broj godova od srca
Distance from 
the pith, mm










C1 28 21-22 96-98 22-23 97.37
pf28 28 21-22 83-86 21-22 84.9
C33 30 21-22 110-113 21-22 111.15
C36 29 20-21 100-105 20-21 104.17
C39 29 18-19 94-99 18-19 98.12
T6 75 21-22 71-74 21-22 71.45
T8 71 24-25 61-64 25-26 65.35
T9 73 22-23 54-56 23-24 59.52
T10 73 16-17 40-43 17-18 46.32
IV1 93 10-11 36-41 10-11 40.17
IV2 94 14-15 40-43 15-16 47.1
nf95 95 14-15 59-64 14-15 63.7
VI1 100 14-15 58-62 14-15 59.72
VI2 94 15-16 44-51 16-17 53.64
VI3 102 17-18 89-96 16-17 88.83
VI4 96 16-17 44-57 17-18 58.94
NRNT T1 216 15-16 54-57 14-15 52.24
nf221 221 22-23 97-101 21-22 94.2
be identifi ed within the juvenile and mature wood 
zones. The presented results strongly support the use of 
wavelet transformation of XDF in studying the proper-
ties of the wood. Nevertheless, further investigations 
are necessary in order to reveal the potentials and limi-
tations of the wavelet analysis in this particular fi eld.
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